Biochemical coupling of transcription factor NF-kB to antigen and co-stimulatory receptors is required for the temporal control of T-cell proliferation. In contrast to its transitory activation during normal growth-signal transduction, NF-kB is constitutively deployed in T-cells transformed by the type 1 human T-cell leukemia virus (HTLV-1). This viral/host interaction is mediated by the HTLV-1-encoded Tax protein, which has potent oncogenic properties. As reviewed here, Tax activates NF-kB primarily via a pathway leading to the chronic phosphorylation and degradation of IkBa, a cytoplasmic inhibitor of NF-kB. To access this pathway, Tax associates stably with a cytokine-inducible IkB kinase (IKK), which contains both catalytic (IKKa and IKKb) and noncatalytic (IKKg) subunits. Unlike their transiently induced counterparts in cytokine-treated cells, Taxassociated forms of IKKa and IKKb are persistently activated in HTLV-1-infected T cells. Acquisition of the deregulated IKK phenotype is contingent on the presence of IKKg, which functions as a molecular adaptor in the assembly of pathologic Tax/IkB kinase complexes. These ®ndings highlight a key mechanistic role for IKK in the Tax/NF-kB signaling axis and de®ne new intracellular targets for the therapeutic control of HTLV-1-associated disease.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) is etiologically associated with the development of an acute malignancy of CD4 + T lymphocytes called adult T-cell leukemia (ATL) (Poiesz et al., 1980; Yoshida et al., 1982) . Consistent with a causal relationship, HTLV-1 preferentially transforms CD4 + T cells in vitro following infection of human peripheral blood mononuclear cells or cord blood leukocytes (Cann and Chen, 1996) . Based on studies with primary lymphocyte cultures, T-cell transformation mediated by HTLV-1 appears to involve at least two distinct stages (Ressler et al., 1996) . In the ®rst stage, HTLV-1-infected T-cells enter an initial period of polyclonal proliferation, which is dependent on the growth factor interleukin 2 (IL-2). In turn, these clonally expanded cells become immortalized after a few weeks in culture as de®ned by their continuous growth in the presence of IL-2. The second stage of T-cell transformation usually takes months to years, during which time a subpopulation of immortalized T-cells acquire chromosomal abnormalities and the capacity for IL-2-independent growth.
One of the HTLV-1 genes encodes a 40 kDa protein, termed Tax, which is expressed in both the nuclear and cytoplasmic compartment of infected T-cells (Beimling and Moelling, 1989) . Nuclear forms of Tax are required for ecient proviral gene transcription directed from the HTLV-5' long terminal repeat (LTR) (Cann et al., 1985; Felber et al., 1985; Sodroski et al., 1985) . Several independent experimental observations indicate that Tax also mediates the oncogenic activity of HTLV-1. First, when expressed ectopically, Tax immortalizes primary human T lymphocytes (Akagi and Shimotohno, 1993; Grassmann et al., 1989 Grassmann et al., , 1992 . Second, Tax cooperates with Ras to transform primary rat ®broblasts (Pozzatti et al., 1990) , which can form tumors when introduced into nude mice (Pozzatti et al., 1990; Tanaka et al., 1990) . Third, transgenic mice expressing Tax develop mesenchymal tumors Nerenberg et al., 1987) or large granular lymphocytic leukemia (Grassmann et al., 1995) , depending on the nature of the expression vector. Fourth, using a genetic approach, Ross et al. (1996) have recently established an essential role for Tax in T-cell transformation mediated by HTLV-2, a human retrovirus related to HTLV-1 (Kalyanaraman et al., 1982) . Thus, Tax is both necessary and sucient for the induction of neoplastic transformation in a variety of in vitro and in vivo experimental systems.
Cellular gene targets of Tax
Given its well-recognized oncogenic potential, Tax remains the major focus of eorts to understand the mechanism by which HTLV-1 transforms human T lymphocytes. In this regard, Tax transactivates not only the HTLV-1 LTR but also a large array of cellular promoters (Ressler et al., 1996) . A subset of these Tax-inducible promoters directs the synthesis of regulatory proteins involved in normal T-cell growth and survival (Table 1) . Of special interest, Tax transactivates the gene encoding the alpha subunit of the high anity IL-2 receptor (IL-2Ra), which is constitutively expressed on the surface of HTLV-1-transformed T-cells (Cross et al., 1987; Inoue et al., 1986; Siekevitz et al., 1987) . In conjunction with mitogens or T-cell receptor agonists, Tax also induces IL-2 gene transcription (Maruyama et al., 1987; Siekevitz et al., 1987; Wano et al., 1988) . Considering the coordinate role that IL-2 and IL-2Ra play in antigen-mediated T-cell proliferation , the inappropriate induction of these two growthrelated factors likely contributes to the polyclonal expansion of T-cells observed during the early phase of HTLV-1 infection.
Other genes transactivated by Tax (Table 1) include those encoding cytokines, transcription factors (Alexandre and Verrier, 1991; Fujii et al., 1988 Fujii et al., , 1991 Li et al., 1993; Nagata et al., 1989) , apoptotic inhibitors such as A20 (Laherty et al., 1993) , cell adhesion molecules, and a nuclear protein known to inhibit DNA repair (proliferating cell nuclear antigen, PCNA) (Kao and Marriott, 1999) . Cellular genes under negative Tax control have also been identi®ed, including those for the protein tyrosine kinases Lck (Lemasson et al., 1997) and Zap-70 (Weil et al., 1999) , the pro-apoptotic factor Bax (Brauweiler et al., 1997) , and the DNA repair enzyme b-polymerase (Uittenbogaard et al., 1994) . Signi®cant changes in the steady-state levels of these Tax-responsive transcription units have been correlated with the immortalized phenotype of HTLV-1-infected T-cells . This correlation probably re¯ects a requirement for the deregulated expression of multiple cellular genes in order to achieve a state of immortalization following the initial proliferative burst mediated by IL-2 and IL-2Ra. In turn, the stimulatory action of Tax on genes involved in DNA repair (e.g., PCNA and b-polymerase) may contribute to the second stage of T-cell transformation, which is associated with the accumulation of chromosomal abnormalities (Fujimoto et al., 1999; Fujita et al., 1989; Sanada et al., 1986; Shiraishi et al., 1985) .
Interplay of Tax with cellular transcription factors
Experiments aimed at understanding how Tax modulates the transcription of both viral and cellular genes indicate that the oncoprotein exerts pleiotropic eects on the host cell signaling machinery. This hallmark feature of Tax is underscored by its ability to interface functionally with a spectrum of transcription factors, including CREB/ATF (BeÂ raud et al., 1991; Suzuki et al., 1993; Zhao and Giam, 1992) , NFkB (Ballard et al., 1988; Leung and Nabel, 1988; Ruben et al., 1988) , SRF (Fujii et al., 1992) , NF-AT (Good et al., , 1997 and basic helix-loop-helix (bHLH) proteins such as c-Myc and MyoD (Uittenbogaard et al., 1994) (Table 1) . Members of the CREB/ATF family transactivate Tax-responsive enhancer sequences positioned within the HTLV-1 LTR Giam, 1991, 1992) . This viral/host interplay hinges on the physical interaction of Tax with the basic leucine zipper (bZIP) domain of CREB/ATF proteins, which promotes dimerization and binding of these factors to their cognate sites in the viral promoter (Baranger et al., 1995; Perini et al., 1995; Wagner and Green, 1993) . In addition, Tax has the capacity to recruit the transcriptional coactivator CBP to CREB/LTR nucleoprotein complexes, thus further enhancing LTR-directed viral gene expression (Kwok et al., 1996) . These ®ndings highlight an essential role for CREB/ATF in HTLV-1 replication via a mechanism involving direct interactions with Tax.
Many cellular genes under Tax control, especially those encoding cytokines, are regulated by members of the Rel/NF-kB family of transcription factors (Table 1) . The prototypic Tax-responsive form of NF-kB is a heterodimer containing two DNAbinding subunits termed p50 and RelA (Baeuerle and Henkel, 1994; Grilli et al., 1993) . In contrast to p50, the RelA subunit of NF-kB has a potent transactivation domain in its C-terminal half (Ballard et al., 1992; Ruben et al., 1992; Schmitz and Baeuerle, 1991) . However, both of these subunits share signi®cant N-terminal sequence homology with the v-rel oncogene product encoded by reticuloendotheliosis virus strain T (Rev-T), which induces fatal lymphoid tumors in young birds and transgenic mice (Gilmore, 1999, this issue) . Site-directed mutants of Tax have been identi®ed that clearly segregate its NF-kB-and CREB/ATF-inducing functions, suggesting a distinct mechanism of Tax action on each host signaling pathway (Semmes and Jeang, 1992; Smith and Greene, 1990) . Such mutants have provided valuable tools to dissect these two viral/host interactions at the molecular level and to explore their relative contributions to Tax-mediated cellular transformation.
Role of NF-kB in Tax oncoprotein function
In vivo experiments have documented an essential role for NF-kB in the regulation of T-cell homeostasis and growth-signal transduction (Boothby et al., 1997; Doi et al., 1997; Esslinger et al., 1997; Kontgen et al., 1995) . Unlike CREB/ATF, NF-kB is tightly sequestered in the cytoplasmic compartment of functionally quiescent T-cells by virtue of its interaction with members of the IkB family of inhibitory proteins, including IkBa, IkBb, and IkBe (Baldwin, 1996; Whiteside et al., 1997) . Following cellular stimulation with a variety of agents, including T-cell receptor ligands, interleukin-1 (IL-1), and tumor necrosis factor a (TNFa), these inhibitors are subject to site-speci®c phosphorylation, ubiquitination, and proteolytic inactivation (Baldwin, 1996; May and Ghosh, 1998; Karin, 1999, this issue) . In turn, NF-kB is rapidly mobilized to the nuclear compartment where it stimulates the expression of numerous growth-related genes, such as those for IL-2 and IL-2Ra (Table 1) . The gene encoding IkBa is also under NF-kB transcriptional control, which provides a negativefeedback loop to ensure the temporally restricted action of NF-kB on its downstream cellular gene targets (Brown et al., 1993; Chiao et al., 1994; de Martin et al., 1993; LeBail et al., 1993; Scott et al., 1993; Sun et al., 1993) . In contrast to its transient mode of action during a physiologic T-cell response, NF-kB is chronically activated in HTLV-1-infected T-cells (Arima et al., 1991; Ballard et al., 1988; Leung and Nabel, 1988; Ruben et al., 1988) . This viral/host interaction confers Tax inducibility to the NF-kB-responsive genes encoding IL-2, IL-2Ra, and other factors that govern normal growth-signal transduction (Ballard et al., 1988; Leung and Nabel, 1988; Miyatake et al., 1988; Ruben et al., 1988) . The persistent rather than transient expression of these NF-kB-responsive genes in the presence of Tax likely contributes to the initiation and/or maintenance of the malignant phenotype. In keeping with this proposal, inhibition of NF-kB activity via an antisense arrest approach interferes with the growth of Tax-transformed cells both in vitro and in vivo (Kitajima et al., 1992) . A pathological relationship between NF-kB, Tax, and Tcell transformation is further supported by most but not all studies involving Tax mutants that are selectively defective for either NF-kB or CREB/ATF activation (Akagi et al., 1997; Iwanaga et al., 1999; Matsumoto et al., 1997; Yamaoka et al., 1996 Yamaoka et al., , 1998 , including more recent experiments conducted with infectious molecular clones of HTLV-1 (Robek and Ratner, 1999) . Taken together, these ®ndings strongly suggest that NF-kB provides a major link between the divergent growth responses of activated and HTLV-1-infected T-cells.
Mechanisms of Tax action on NF-kB
Tax stimulates the constitutive nuclear expression of several interactive members of the Rel/NF-kB family of transcription factors, including p50, p52, RelA, and c-Rel (Arima et al., 1991) . Nuclear NF-kB DNAbinding activity, consisting of p50 and RelA, is rapidly induced in Tax-expressing cells via a post-translational mechanism (Kanno et al., 1994) . In contrast, DNAbinding complexes composed of c-Rel and p52 are activated with relatively delayed kinetics, suggesting a requirement for de novo protein synthesis (Kanno et al., 1994) . In HTLV-1-infected T-cells, c-Rel/p52 heterodimers represent the predominant steady-state form of nuclear NF-kB, although low levels of RelAcontaining heterodimers are detectable (Arima et al., 1991; Lanoix et al., 1994; Li et al., 1993; Sun et al., 1994a) . The genes encoding c-Rel and p52 are under the transcriptional control of RelA (Sun et al., 1994a,b) , implying that activation of NF-kB is a prerequisite for the late-phase induction of c-Rel/p52 heterodimers. Accordingly, the molecular mechanisms by which Tax induces NF-kB in HTLV-1-infected Tcells have been the subject of intense investigation. As discussed below, prior studies have suggested three distinct models for NF-kB activation in this cellular background ( Figure 1 ).
A. The dissociation model
Initial clues to the mechanism by which Tax acts on the NF-kB pathway emerged from immunoprecipitation and in vitro mixing experiments, which showed that Tax interacts physically with various members of the Rel/NF-kB and IkB protein families (BeÂ raud et al., 1994; Hirai et al., 1992; Lanoix et al., 1994; Murakami et al., 1995; Petropoulos et al., 1996; Suzuki et al., 1994 Suzuki et al., , 1995 . Recognition of these protein/protein interactions led to the hypothesis that Tax either dissociates latent NF-kB/IkB complexes or interferes with their proper assembly ( Figure 1A ). The ®rst Taxinteractive component of the NF-kB pathway identi®ed was p105 (Hirai et al., 1992) , the Rel precursor for p50, which can function as an IkB molecule (Rice et al., 1992) . Consistent with the dissociation model, Tax counteracts the inhibitory eects of p105 on NF-kB when these proteins are overexpressed in mammalian cells (Watanabe et al., 1993) . In addition to p105, Tax forms high anity complexes with p100, the precursor for p52 (BeÂ raud et al., 1994; Lanoix et al., 1994) . However, p100-sequestered NF-kB complexes are resistant to dissociation by Tax (BeÂ raud et al., 1994; Murakami et al., 1995) . Instead, the formation of Tax/ p100 complexes correlates with relocalization of a signi®cant fraction of the nuclear Tax pool to the cytosol (BeÂ raud et al., 1994) . In light of more recent experiments indicating that Tax activates NF-kB primarily via a cytoplasmic mechanism (discussed below), these ®ndings suggest that p100 might serve to recruit Tax to the requisite subcellular compartment.
Another potentially relevant protein/protein interaction under investigation in the ®eld involves the capacity of Tax to bind to IkBa, a conditionallylabile member of the IkB family (Petropoulos and Hiscott, 1998; Suzuki et al., 1995) . When overexpressed in transfection experiments, Tax prevents IkBa from exerting its inhibitory action on RelA and c-Rel, suggesting that Tax dissociates NF-kB/IkBa complexes (Suzuki et al., 1994) . However, as discussed below (see Model C), a more likely explanation for these ®ndings is that Tax targets IkBa for proteolytic breakdown. Indeed, the proposal that Tax activates NF-kB by disrupting latent NF-kB/IkBa complexes is challenged by a number of experimental observations. First, IkBa is bound eciently by point mutants of Tax that fail to activate NF-kB (McKinsey et al., 1996; Petropoulos et al., 1996) . Second, Tax-interactive mutants of IkB have been identi®ed that constitutively repress the activity of NF-kB Maggirwar et al., 1995; McKinsey et al., 1996) . Third, pharmacological inhibitors of the proteasome interfere with the activity of NF-kB in Tax-expressing cells (Maggirwar et al., 1995) .
Based on these ®ndings and the studies discussed below, the propensity of Tax to engage both NF-kB/ Rel and IkB family members probably re¯ects a function distinct from the ability of Tax to activate latent forms of NF-kB. One possibility is that this function is executed in the nuclear compartment, which expresses signi®cant levels of Tax (Beimling and Moelling, 1989) . For example, interactions with Tax may increase the transactivating potential of NF-kB (Petropoulos et al., 1996; Suzuki et al., 1994) . Alternatively, this binding activity may enable Tax to prevent IkB proteins from sequestering nuclear forms of NF-kB (Petropoulos et al., 1996) . At least in part, this proposal could account for the escape of NF-kB from post-inductive repression mediated by newly synthesized IkBa McKinsey et al., 1996) , which is under NF-kB transcriptional control (Brown et al., 1993; Chiao et al., 1994; de Martin et al., 1993; LeBail et al., 1993; Scott et al., 1993; Sun et al., 1993) . However, compelling experimental evidence to support the proposal that Tax potentiates the persistent nuclear expression of NF-kB via this binding mechanism is currently lacking.
B. The proteasome targeting model
Most if not all physiologic agonists of the NF-kB pathway lead to the inactivation of IkBa, the major cytoplasmic inhibitor of NF-kB (Karin, 1999, this issue) . This signal-induced process is mediated by the 26S proteasome, which removes IkBa from latent NFkB complexes (Thanos and . Using a yeast two-hybrid system, two groups of investigators have shown that Tax binds speci®cally to the proteasome subunits HsN3 and HC9 (Beraud and Greene, 1996; Rousset et al., 1996) . In light of its anity for IkB as well (BeÂ raud et al., 1994; Hirai et al., 1992; Murakami et al., 1995; Petropoulos et al., 1996; Suzuki et al., 1995) , these ®ndings suggested that Tax might activate NF-kB by recruiting IkB substrates directly to the proteasome ( Figure 1B) . Consistent with this, Tax stimulates the formation of IkBa/HcN3 complexes, presumably by serving as molecular bridge (Petropoulos and Hiscott, 1998) . In what may be a related ®nding, Tax binds preferentially to basally phosphoryated IkBa rather than the hyperphosphorylated species that undergoes signal-dependent breakdown during normal T-cell activation (Petropoulos and Hiscott, 1998) . When anchored to the proteasome by Tax, the basal form of IkBa may represent a more ecient substrate for site-speci®c phosphorylation. Alternatively, in this con®guration IkB may be subject to proteolysis without further modi®cation (Petropoulos and Hiscott, 1998) . However, Tax fails to activate NF-kB in cells expressing a catalytically-inactive form of the IkB kinase that mediates physiologic NF-kB induction (Yamaoka et al., 1998) , raising questions regarding the biologic relevance of this phosphorylation-independent pathway in the Tax/NF-kB signaling axis.
A second form of IkB that interfaces with the proteasome is p105, which contains N-terminal sequences identical to the functional p50 DNA-binding subunit of NF-kB. Evidence has been reported indicating that the steady-state production of p105 and p50 involves a cotranslational mechanism of processing . However, independent studies have documented a precursor/product relationship that is consistent with a post-translational mechanism (Donald et al., 1995; MacKichan et al., 1996; Orian et al., 1999; Palombella et al., 1994) . In its unprocessed form, p105 forms latent cytoplasmic complexes with various Rel/ NF-kB polypeptides, including RelA (Mercurio et al., 1993; Naumann et al., 1993; Rice et al., 1992) . Biochemical experiments indicate that a subset of these p105/RelA complexes are converted to active p50/RelA dimers via ubiquitination and limited proteolysis of p105 by the 26S proteasome (Palombella et al., 1994) .
Recent studies suggest that proteasome-mediated processing of latent NF-kB/Rel complexes containing p105 can be enhanced by agents that persistently activate NF-kB, such as bacterial lipopolysaccharide (Donald et al., 1995; MacKichan et al., 1996) . In this regard, Rousset et al. (1996) have shown that Tax, p105, and the proteasome subunit HC9 form ternary complexes when overexpressed in vivo. These higher order interactions correlate with enhanced p105 processing and the ability of Tax to activate NF-kB but not CREB/ATF, raising the possibility that Tax recruits either unmodi®ed or ubiquitinated forms of p105 directly to the proteasome (Rousset et al., 1996) . However, it remains unknown whether Tax/p105 complexes are targeted to HC9 when this subunit is expressed as an integral component of the 26S proteasome complex. This issue is further complicated by a report indicating that Tpl-2, a member of the MAP3K family of serine/threonine protein kinases, stimulates complete degradation rather than limited proteolysis of p105 in transfected cells (Belich et al., 1999) . Accordingly, additional studies are warranted to clarify the mechanism by which Tax aects p105 processing and to determine whether this mechanism contributes signi®cantly to the initial induction versus sustained activation of NF-kB in HTLV-1-infected Tcells.
C. The signal transduction model
During the course of studies to identify Tax-interacting proteins, new mechanistic insights into the physiologic regulation of IkB began to emerge (Baldwin, 1996; Grilli et al., 1993) . Biochemical experiments conducted with pharmacological inhibitors and IkB-speci®c antibodies revealed that IkBa is uncoupled from NFkB by many extracellular signals, including T-cell receptor agonists and pro-in¯ammatory cytokines. This convergent mechanism for NF-kB induction involves site-speci®c phosphorylation and ubiquitination of IkBa, which renders it a substrate for the 26S proteasome Brown et al., 1995; Chen et al., 1995; Palombella et al., 1994; Rodriguez et al., 1996; Scherer et al., 1995; Traenckner et al., 1995) . Molecular cloning studies (Thompson et al., 1995) have identi®ed a second conditionally-labile isoform of IkB, termed IkBb, which is subject to a similar fate to IkBa albeit under more select conditions. Speci®cally, agonists that stimulate a transient induction of NFkB activity promote the selective breakdown of IkBa, whereas agents that elicit a persistent NF-kB response lead to IkBb destruction as well (Thompson et al., 1995) . However IkBa and IkBb both form latent complexes with NF-kB in the cytoplasmic compartment of unstimulated T-cells (Attar et al., 1998; Boothby et al., 1997; McKinsey et al., 1996; Thompson et al., 1995) . These ®ndings served to focus new attention on the possibility that Tax mimics the action of host signal transducers responsible for targeting at least one of these cytoplasmic inhibitors to the 26S proteasome ( Figure 1C ).
Eorts to test this model experimentally have yielded a large body of supportive evidence. Initial results implicating the involvement of modi®cation enzymes emerged from experiments showing that the stimulatory action of Tax on NF-kB is suppressed by the anti-oxidant pyrrolidinedithiocarbamate (PDTC) (Schreck et al., 1992) . This particular inhibitor is known to interfere with IkB phosphorylation and degradation in response to many dierent NF-kBinducers (Schreck et al., 1991; Sun et al., 1993; Traenckner et al., 1994) . Using cell lines expressing Tax under the control of an inducible promoter, subsequent investigations established a temporal correlation between Tax-induced NF-kB activation and the degradation of IkBa and IkBb Kanno et al., 1994) . Other complementary studies indicated that a signi®cant portion of IkBa is hyperphosphorylated in HTLV-1-infected T-cells (Lacoste et al., 1995; Sun et al., 1994a) . The hyperphosphorylated form of IkBa is rapidly lost when these cells are arrested translationally (Sun et al., 1994a) , whereas treatment with speci®c inhibitors of the proteasome leads to its accumulation (Maggirwar et al., 1995; McKinsey et al., 1996) . In contrast to IkBa, IkBb is chronically downregulated in HTLV-1-infected T cells and fails to accrue in the presence of proteasome inhibitors McKinsey et al., 1996) . These ®ndings partially re¯ect the capacity of Tax to stimulate NF-kB-directed transcription of the gene encoding IkBa but not IkBb McKinsey et al., 1996) .
Antecedent studies with HTLV-1-infected T-cells stimulated eorts to reconstitute a functional Tax/ NF-kB signaling axis in transfected T-cells and to map the Tax-responsive sequences present in IkBa and IkBb. Initial transfection experiments conducted with epitope-tagged forms of IkBa provided four new lines of evidence for the involvement of IkB kinases and the proteasome in the mechanism by which Tax activates NF-kB. First, wild-type Tax stimulates the phosphorylation and degradative loss of ectopic IkBa, whereas the inhibitor escapes from proteolytic breakdown when coexpressed with a Tax mutant that fails to activate NF-kB . Second, exposure of Tax-expressing cells to proteasome inhibitors leads to the accumulation of hyperphosphorylated IkBa , which fully recapitulates the pattern of IkBa phosphorylation observed in HTLV-1-infected T-cells (Maggirwar et al., 1995; McKinsey et al., 1996) . Third, mutants of IkBa lacking Ser-32 and Ser-36 are completely resistant to Tax-induced degradation and function as potent constitutive repressors of Tax in the NF-kB pathway Kanno et al., 1995; Maggirwar et al., 1995) . These two serines serve as key phosphoacceptors for targeting IkBa to the proteasome in cells treated with the pro-in¯ammatory cytokines TNFa or IL-1 Kanno et al., 1995; Traenckner et al., 1995) . Fourth, mutations in IkBa that aect Lys-22 and Lys-23, the major sites for ubiquitin attachment under physiologic conditions, also yield a dominantnegative phenotype . Similar results have been obtained with IkBb, although it remains uncertain whether this inhibitor is subject to Tax-induced ubiquitination in its hyperphosphorylated state McKinsey et al., 1996) . Taken together, these ®ndings indicated that Tax converts both IkBa and IkBb into labile proteasome substrates via a phosphorylation-dependent triggering mechanism. However, it remained entirely unclear how Tax gains access to this host signaling pathway in order to elicit a persistent rather than transient NF-kB response.
Deregulation of cellular IkB kinases by Tax
Resolution of this important missing link in the Tax/ NF-kB signaling axis was achieved in conjunction with the identi®cation of the IkB kinase (IKK) that mediates site-speci®c phosphorylation of IkBa and IkBb. This cellular protein kinase exists as a multicomponent complex (700 ± 900 kDa) containing two interactive catalytic subunits, designated IKKa and IKKb (DiDonato et al., 1997; Mercurio et al., 1997; Regnier et al., 1997; Woronicz et al., 1997; Zandi et al., 1997) . More recent studies have identi®ed a third subunit, termed IKKg (also called NEMO, IKKAP1, or FIP-3), whose precise function in physiologic signaling remains unclear (Li et al., 1999b; Mercurio et al., 1999; Rothwarf et al., 1998; Yamaoka et al., 1998) . Biochemical experiments with puri®ed recombinant proteins indicate that IKKa and IKKb can both phosphorylate IkBa and IkBb at the appropriate regulatory serine residues (Lee et al., 1998; Li et al., 1998; Mercurio et al., 1999; Zandi et al., 1998) . Moreover, IKKb-de®cient cells are defective for NFkB activation by either TNFa or IL-1 (Li et al., 1999a,c; Tanaka et al., 1999) . Although the identities of upstream signaling molecules that regulate the activity of IKK remain controversial (Karin and Delhase, 1998) , members of the MAP3K family of kinases have been implicated in several studies (Lee et al., 1997; Lin et al., 1999; Nakano et al., 1998; Nemoto et al., 1998; Ninomiya-Tsuji et al., 1999; Regnier et al., 1997; Woronicz et al., 1997; Zhao and Lee, 1999) . Consistent with this, IKKa and IKKb both contain consensus MAP2K activation loops that are phosphorylated by MAP3Ks in vitro (Lee et al., 1998; Ling et al., 1998) .
Recent studies indicate that these cytokine-responsive IKKs are the primary cellular targets of HTLV-1 in the host NF-kB signaling pathway. Speci®cally, whereas IKKa and IKKb are activated transiently in cells treated with the cytokines TNFa or IL-1 (DiDonato et al., 1997; Mercurio et al., 1997; Zandi et al., 1997) , Tax induces their chronic expression in HTLV-1-infected T-cells (Chu et al., 1998; Geleziunas et al., 1998; Uhlik et al., 1998; Yin et al., 1998) . In keeping with this fundamental observation, kinasedefective forms of IKKa and IKKb interfere with Taxmediated NF-kB activation in mammalian cell transfectants (Geleziunas et al., 1998; Uhlik et al., 1998; Yin et al., 1998) . Although the precise molecular basis for these dominant-negative eects remains unclear, coimmunoprecipitation studies indicate that Tax associates with constitutively active IKKs containing IKKa and IKKb in HTLV-1-infected T cells (Chu et al., 1998) . The majority of these Tax-associated IKKs fractionate on gel ®ltration columns as high molecular weight complexes exceeding 700 kDa (Chu et al., 1998) , which parallels the size distribution of cytokine-responsive IKKs (Cohen et al., 1998; DiDonato et al., 1997; Mercurio et al., 1997; Zandi et al., 1997) . Higher order complexes containing Tax, IKKa, and IKKb are highly resistant to dissociation in vitro, con®rming the speci®city of this viral/host interaction (Chu et al., 1999) . Moreover, point mutations in Tax that ablate its IKK-binding function also prevent Taxmediated activation of endogenous IKK and NF-kB (Chu et al., 1998) . Taken together, these biochemical and genetic data indicated that Tax gains initial access to the host NF-kB pathway via a direct Tax/IKK coupling mechanism, which leads sequentially to chronic IKK activation, continuous IkB turnover, and persistent NF-kB expression.
IKKg as a molecular adaptor
Several recent studies indicate that the targeting speci®city of Tax for the IKK complex is conferred by IKKg (Chu et al., 1999; Jin et al., 1999) , a core component of cytokineresponsive IKKs that lacks catalytic activity (Mercurio et al., 1999; Rothwarf et al., 1998; Yamaoka et al., 1998) . The ®rst evidence linking IKKg and Tax emerged from genetic complementation experiments. In these seminal studies, Yamaoka et al. (1998) identi®ed an IKKg-de®cient rat ®broblast line that fails to express constitutively active forms of NF-kB in the presence of Tax. This NF-kB signaling defect correlated with a reduction in the molecular size of IKK complexes and could be rescued by overexpression of IKKg, suggesting that IKKg is required for the proper assembly of the Taxresponsive IKK complex. However, another investigation conducted with an IKKg-de®cient, murine pre-B cell line indicated that IKKg is dispensable for Taxmediated NF-kB activation (Courtois et al., 1997) . These seemingly disparate results raised questions concerning whether IKKg is required for Tax signaling to NF-kB in the context of human T lymphocytes, the in vivo target for HTLV-1.
Subsequent studies to address this issue in a more biologically relevant setting have con®rmed the signi®cance of IKKg and clari®ed its mechanism of action in the Tax/NF-kB signaling axis. Using an antisense arrest approach, Chu et al. (1999) found that interference with IKKg expression in human Jurkat T lymphocytes inhibits Tax-mediated activation of NFkB but not of CREB/ATF. Independent experiments conducted with an IKKg-de®cient, T-cell somatic mutant have yielded similar results (Harhaj et al., unpublished data) . In keeping with these functional data, subunit compositional analyses indicate that Taxassociated IKKs derived from HTLV-1-infected T-cells contain IKKg (Chu et al., 1999; . Furthermore, higher order Tax/IKK complexes with signi®cant IkB kinase activity can be reconstituted in vivo by overexpressing Tax, IKKg, and either the IKKa or IKKb catalytic subunit (Chu et al., 1999; . However, Tax fails to interact productively with these catalytic subunits in the absence of ectopic IKKg, indicating that IKKg functions as a molecular adaptor in the assembly of Tax/IKK complexes (Chu et al., 1999; Jin et al., 1999) . This Tax targeting function is eliminated by removal of the N-terminal region (amino acids 1 ± 100) of IKKg (Chu et al., 1999) , which is required for stable association of IKKg with the endogenous IKK holoenzyme (Mercurio et al., 1999) . In contrast, interactions between IKKg and Tax appear to involve sequences positioned within the C-terminal region of IKKg (amino acids 313 ± 412) . Because Tax and IKKg form stable complexes when overexpressed together in transfected mammalian cells and yeast Jin et al., 1999) , it seems likely that these two polypeptides associate directly in the context of pathologic Tax/IKK complexes derived from HTLV-1-infected T-cells.
Tax-responsive eectors of IKK
The deduced amino acid sequence of Tax provides no evidence for intrinsic protein kinase or phosphatase activity (Seiki et al., 1985; Wachsman et al., 1985) , suggesting that IKKg-directed formation of Tax/IKK complexes is necessary but not sucient for persistent IKK activation. In this regard, recent studies indicate that members of the MAP3K protein kinase family mediate physiologic activation of IKK via phosphorylation of the MAP2K activation loops present in the IKKa and IKKb catalytic subunits (Zandi and Karin, 1999) . Consistent with this functional relationship, two members of the MAP3K family, termed NF-kB-inducing kinase (NIK) and mitogen-activated protein kinase/ extracellular signal-regulated kinase kinase kinase 1 (MEKK1), have been shown to activate IKK and NF-kB when overexpressed in mammalian cells (Lee et al., 1997 (Lee et al., , 1998 Ling et al., 1998; Nakano et al., 1998; Nemoto et al., 1998; Yin et al., 1998) . In vitro studies indicate that NIK phosphorylates the MAP2K activation loop present in the IKKa catalytic subunit (Ling et al., 1998) , whereas MEKK1 modi®es the corresponding sequences in IKKb (Lee et al., 1998) . Site-directed mutations that aect the relevant phosphoacceptors yield kinaseinactive forms of IKK that repress the signaldependent induction of NF-kB under a variety of stimulatory conditions (Ling et al., 1998; Mercurio et al., 1997) . These ®ndings with NIK and MEKK1 suggest that one or more MAP3Ks function immediately upstream of IKK and regulate its transient catalytic activity via site-speci®c phosphorylation.
Recent experiments conducted by Yin et al. (1998) provide biochemical and functional evidence indicating that MEKK1 also mediates the chronic stimulatory eects of Tax on IKK. These investigators found that Tax associates with and activates MEKK1 when the two proteins are overexpressed in vivo. Importantly, both of these activities are lost when Tax is mutated selectively at sites that are required for persistent IKK and NF-kB activation. Furthermore, catalytically inactive mutants of full-length MEKK1 prevent Taxinduced activation of the NF-kB pathway in Jurkat Tcell transfectants. Although experiments conducted with kinase-defective forms of IKKa and IKKb suggested that Tax signals preferentially through the latter catalytic subunit, more recent studies indicate that IKKa may be required as well (Geleziunas et al., 1998; Uhlik et al., 1998) . Taken together, the simplest interpretation of the data is that acquisition of the persistent IKK phenotype is contingent upon Taxinduced activation of MEKK1, which in turn activates IKK via site-speci®c phosphorylation of IKKa and IKKb. These ®ndings are fully consistent with independent experiments indicating that Tax stimulates the constitutive functional expression of c-Jun Nterminal kinase (JNK), which lies downstream of MEKK1 in the MAPK phosphorylation cascade (Jin et al., 1997) .
Mechanisms for Tax-directed IKK activation
The ®nding that Tax forms complexes not only with IKK (Chu et al., 1998; Jin et al., 1999) but also with MEKK1 (Yin et al., 1998) may re¯ect a requirement for the oncoprotein to engage the host signaling pathway at multiple levels in order to elicit a persistent NF-kB response. However, at this juncture, the precise mechanism of Tax action on either IKK or MEKK1 remains unclear. Recent experiments with transformed cell lines appear to exclude the involvement of TRAFs (Geleziunas et al., 1998) , RIP (Chu et al., 1999) , and Rho GTPases (Yin et al., 1998) , which are positioned upstream of NF-kB in receptormediated signaling pathways (Cao et al., 1996 , Hsu et al., 1996 Perona et al., 1997) . Eorts to gain more de®nitive insights have been complicated by the potential for signi®cant functional redundancy among members of the MAP3K family (Fanger et al., 1997; Karin and Delhase, 1998) . Indeed, the number of MAP3Ks that activate IKK and NF-kB under overexpression conditions is rapidly expanding (Lee et al., 1998; Ling et al., 1998; Nakano et al., 1998; Nemoto et al., 1998; Woronicz et al., 1997; Zhao and Lee, 1999) . Furthermore, recent transfection studies have identi®ed kinase-defective forms of NIK that block Tax-mediated activation of NF-kB (Geleziunas et al., 1998; Uhlik et al., 1998) , suggesting the existence of multiple Tax-responsive MAP3Ks. As such, it will be crucial to establish whether MEKK1 or NIK is persistently activated in HTLV-1-infected T cells. An equally important issue that needs to be resolved is whether Tax aects the phosphorylation status of IKK in this cellular background, especially with respect to the MAP2K activation loops of IKKa and IKKb.
Notwithstanding these uncertainties, at least two models can be postulated to explain how Tax converts cytokine-inducible IKKs into constitutively active kinases (Figure 2) . Considering that the majority of chronically activated IKKs in HTLV-1-infected T-cells are tightly associated with Tax (Chu et al., 1998 (Chu et al., , 1999 , both of these proposed mechanisms are based on the assumption that IKKg-directed assembly of Tax/IKK complexes is essential for chronic IKK activation. In one model, which integrates the apparent dual speci®city of Tax for IKK and MAP3Ks, Tax recruits an IKK kinase (IKKK) to the IKK signalsome under conditions that lead to the sustained activation of both enzymes. As discussed above, two attractive candidates for this Tax-responsive IKKK are MEKK1 and NIK, which are known to phosphorylate and activate IKKs in vitro (Lee et al., 1998; Ling et al., 1998) . Alternatively, Tax displaces a cellular IKK inhibitor from the holoenzyme, yielding a more favorable conformation for chronic activation via IKK autophosphorylation or the action of a Tax-responsive IKKK (Delhase et al., 1999; Zandi and Karin, 1999) . The proposed inhibitor could be an IKK-speci®c phosphatase. Consistent with this model, indirect biochemical evidence for the existence of IKK inhibitors has been reported DiDonato et al., 1997) . However, a more detailed understanding of the subunit composition of IKKs in normal versus HTLV-1-infected T cells will be required to assess the validity of either model. Eorts to reconstitute an inducible Tax/IKK signaling system in vitro with puri®ed recombinant components may also yield meaningful insights.
Summary and future perspectives
The Tax oncoprotein of HTLV-1 stimulates the constitutive activity of NF-kB, an inducible transcription factor involved in the genetic regulation of T-cell growth and survival. A large body of data indicates that this viral/host interaction is required to induce and/or maintain the transformed phenotype of HTLV-1-infected cells. During the last decade, signi®cant advances have been made toward understanding how Tax elicits a persistent NF-kB response. It is now evident that Tax bypasses receptor-proximal signaling steps and interfaces directly with IKK, the multisubunit IkB kinase that normally triggers a transient NF-kB response. This protein/protein interaction enables Tax to convert IkBa into a labile proteasome substrate via chronic site-speci®c phosphorylation, which ensures continuous IkBa breakdown and the sustained nuclear import of NF-kB in HTLV-1-infected T cells.
These recent mechanistic advances provide a strong framework for resolving the entire functional architecture of the Tax/NF-kB signaling pathway. A major challenge ahead is to determine how the assembly of Tax/IKK complexes leads to constitutive IkB kinase activity. One possibility warranting further investigation is that Tax induces changes in the subunit composition of IKK. Alternatively, Tax could interfere sterically with the action of an IKK inhibitor. Considering the emerging connection between Tax and MAP3Ks (Geleziunas et al., 1998; Uhlik et al., 1998; Yin et al., 1998) , this activation process may involve Tax-responsive IKK kinases. Independent phosphorylation events that regulate IKK at the level of postinductive repression could be subject to intervention by Tax as well (Delhase et al., 1999) . Future experiments to investigate these potential molecular links in the Tax/NF-kB axis will yield important new insights into the temporal control of IKK catalytic activity during normal versus malignant T-cell growth.
